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Background: There are limited data on risks of haematopoietic malignancies associated with protracted
low-to-moderate dose radiation.
Aims: To contribute the first incidence risk estimates for haematopoietic malignancies in relation to work
history, procedures, practices, and protective measures in a large population of mostly female medical
radiation workers.
Methods: The investigators followed up 71 894 (77.9% female) US radiologic technologists, first certified
during 1926–80, from completion of a baseline questionnaire (1983–89) to return of a second
questionnaire (1994–98), diagnosis of a first cancer, death, or 31 August 1998 (731 306 person-years),
whichever occurred first. Cox proportional hazards regression was used to compute risks.
Results: Relative risks (RR) for leukaemias other than chronic lymphocytic leukaemia (non-CLL, 41 cases)
were increased among technologists working five or more years before 1950 (RR = 6.6, 95% CI 1.0 to
41.9, based on seven cases) or holding patients 50 or more times for x ray examination (RR = 2.6, 95% CI
1.3 to 5.4). Risks of non-CLL leukaemias were not significantly related to the number of years subjects
worked in more recent periods, the year or age first worked, the total years worked, specific procedures or
equipment used, or personal radiotherapy. Working as a radiologic technologist was not significantly
linked with risk of multiple myeloma (28 cases), non-Hodgkin’s lymphoma (118 cases), Hodgkin’s
lymphoma (31 cases), or chronic lymphocytic leukaemia (23 cases).
Conclusion: Similar to results for single acute dose and fractionated high dose radiation exposures, there
was increased risk for non-CLL leukaemias decades after initial protracted radiation exposure that likely
cumulated to low-to-moderate doses.

R
adiation from a single high dose1 or fractionated
radiotherapy2 is a well established risk factor for acute
myeloid leukaemia (AML), and to a lesser extent for

chronic myeloid and acute lymphoid leukaemia, but data are
limited on risks of haematopoietic malignancies associated
with protracted low-to-moderate dose exposures. Worldwide
there are approximately 2.3 million medical radiation work-
ers,3 half of all workers exposed to manmade sources of
radiation. Occupational studies reported increased leukaemia
mortality among early radiologists,4–9 and increased risks in
Chinese,10 but not Japanese,11 US Army,12 or Danish13 medical
radiation workers. A statistically significant dose-response
was apparent for AML in large cohorts of nuclear workers.14 15

With the exception of the Danish medical radiation workers,
few studies of medical or nuclear radiation workers have
included substantial numbers of women. Findings have been
inconsistent for multiple myeloma (MM) among the
Japanese atomic bomb survivors,1 16 and radiation work-
ers.4–15 Non-Hodgkin’s lymphoma (NHL) and Hodgkin’s
lymphoma (HL) were not significantly increased in the
atomic bomb survivors,1 patients treated with radiotherapy,2

or most radiation workers,3–7 10–15 17 and radiation exposure
has not been associated with increased risks of CLL.18 To
contribute the first incidence risk information on haemato-
poietic malignancies in relation to work history, procedures,
practices, and protective measures in a large population of
mostly female medical radiation workers, we evaluated
incidence risk for five categories (leukaemias other than
CLL, MM, NHL, HL, CLL) of haematopoietic malignancies
according to work history within the US Radiologic
Technologists cohort.

METHODS
The methods for the cohort study of US radiologic technol-
ogists have been described in detail previously.19 Briefly,
beginning in 1983, baseline questionnaires were mailed to
132 454 (91%) radiologic technologists located alive among
146 022 certified nationwide during 1926–80 by the
American Registry of Radiologic Technologists. The ques-
tionnaire, which was completed and returned by 90 305
respondents (68% response rate), inquired about lifetime
work history as a radiologic technologist, including proce-
dures, practices, and protective measures. Lacking cumulative
radiation dose estimates for individual technologists, the self-
reported work history data were used to construct categorical
proxy measures of radiation exposure. Other questions
inquired about personal history of cancer, other serious
diseases, and diagnostic and therapeutic radiation exposures;
reproductive and family cancer history; and sociodemo-
graphic and lifestyle factors. During 1994–98, a second
questionnaire was mailed to 126 628 technologists located
alive (96% of the 132 454 to whom the baseline questionnaire
was mailed) to ascertain cancer occurrence and to collect
detailed work, medical, and reproductive histories, and other
cancer risk factor information. The research protocol for the
cohort study of radiologic technologists was approved by the
US National Cancer Institute’s Special Studies Institutional
Review Board and the University of Minnesota’s Institutional

Abbreviations: AML, acute myeloid, monocytic, or myelomonocytic
leukaemia; CI, confidence interval; CLL, chronic lymphocytic leukaemia;
CML, chronic myeloid leukaemia; HL, Hodgkin’s lymphoma; MM,
multiple myeloma; NHL, non-Hodgkin’s lymphoma; RR, relative risk
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Review Board, and in accordance with an assurance filed
with and approved by the US Department of Health and
Human Services. Informed consent was obtained from each
subject.
Of the 85 372 baseline respondents who were still living

when the second questionnaire was mailed, 70 859 (83%)
completed the second questionnaire, including 69 385 who
were cancer-free (except for non-melanoma skin cancer).
There were 2509 deaths (88 from haematopoietic malignan-
cies and 2421 from other causes) before 31 August 1998
among those who completed the baseline questionnaire, but
did not complete the second questionnaire.
Included in the study were 71 894 technologists who were

cancer-free except for non-melanoma skin cancer, compris-
ing 69 385 technologists who completed both questionnaires
plus 2509 technologists who completed the baseline ques-
tionnaire but died before completing the second question-
naire. Excluded were 16 160 subjects who were cancer-free at
completion of the baseline questionnaire, did not respond to
the second questionnaire, but were not deceased as of 31
August 1998, since occurrence of haematopoietic malignan-
cies was unknown in these technologists. Participants were
followed from the return date of the baseline questionnaire
until the return date of the second questionnaire, diagnosis of
the first cancer (except non-melanoma skin cancer), death,
or 31 August 1998, whichever occurred first.
From the questionnaire data and death certificate informa-

tion, 241 study participants developed haematopoietic malig-
nancies and 71 653 did not develop haematopoietic
malignancies. For validation, medical records were requested
from hospitals and physicians, haematology and pathology
reports were requested from laboratories for self-reported
cases, and death certificates were requested for deceased
cases. Eligible for this analysis were incident leukaemia cases
with acute myeloid, acute monocytic, or acute myelomono-
cytic leukaemia (all combined designated as AML), acute
lymphocytic leukaemia (ALL), chronic myeloid leukaemia
(CML), acute leukaemia not otherwise specified, and other
myeloid or unspecified myeloid leukaemia; all of these
combined—that is, excluding chronic lymphocytic leukaemia
(CLL), were designated non-CLL. Other primary haemato-
poietic malignancies evaluated were MM, NHL, HL, and CLL
(see International Classification of Disease codes for the
haematopoietic malignancies in table 1 footnotes). Of the 241
self-reported cases of haematopoietic malignancies, 205
(85%) were confirmed by medical records or death certifi-
cates, including 95 of the 97 (98%) self-reported cases for
whom medical records were obtained, 22 erroneously self-
reported as other malignancies but validated as having
haematopoietic malignancies through review of the medical
records requested for cancer validation, and 88 deaths
ascribed to haematopoietic malignancies that were confirmed
by death certificates. Since medical records confirmed 98% of
the self-reported cases, 36 additional self-reported cases were
included for which medical records could not be obtained.
Cox proportional hazards regression was used to compute

relative risks (RR) and 95% Wald confidence intervals (CIs),
using age at diagnosis or death from haematopoietic
malignancies as the response (that is, age as the timescale
beginning at completion of the baseline questionnaire), and
stratifying at baseline for birth cohort in five year intervals to
control for secular trends.20 21 Subjects were censored at the
date of the first cancer other than a haematopoietic
malignancy or non-melanoma skin cancer, the return date
of the second questionnaire if no cancer was reported, or the
date of death from a cause other than a haematopoietic
malignancy. To assess risk by age at baseline questionnaire,
calendar time was used as the time scale. Relative risks (RR)
were assessed for each type of haematopoietic malignancy

and all haematopoietic malignancies combined according to
baseline questionnaire data on sociodemographic character-
istics, cigarette smoking, and hair dye use, since these factors
have been linked with one or more types of haematopoietic
malignancies in some studies.22 Multivariate models were
employed to assess potential confounding by these variables
in analyses of job history, work practices, procedures
performed, equipment used, and protective measures under-
taken.20 Adjustment for duration of smoking or hair dye use
did not alter the risk estimates for MM, NHL, or other
haematopoietic malignancies associated with employment
characteristics; thus, these variables were not included in the
final statistical models. In tests for trend, we modelled
exposures as continuous, and controlled for covariates.20

RESULTS
The 71 653 radiologic technologists in the comparison group
were mostly female (77.9%), primarily Caucasian (95.4%),
and young at baseline (44.2% were under age 35); a
substantial proportion (39.7%) had some college education
(table 1). There were 731 306 total person-years of follow up,
on average 10.2 years per subject. Similar to haematopoietic
malignancies in the general US population,22 cases were more
likely to be male and older (except for HL) at baseline
compared to the control group; more than half of the cases
were age 45 or older at baseline, compared with 22% of the
comparison group. There were no significant differences by
race or education between haematopoietic malignancy cases
and the comparison group (table 1), although there was a
twofold increased risk for MM among technologists who
smoked cigarettes for 10 or more years compared to non-
smokers, and a 70% greater risk for NHL among those who
used hair colouring products for a decade or more compared
to never users (table 1).
The 41 non-CLL leukaemia cases included 22 AML, nine

CML, four ALL, four incompletely specified as acute
leukaemias, and two incompletely specified as myeloid
leukaemias. Risk for non-CLL leukaemias rose (p-
trend=0.07) with increasing years worked as a technologist
before 1950, and was increased nearly sevenfold (based on
seven cases) among those working five or more years during
this period (table 2). Technologists who held patients 50 or
more times during x ray examinations experienced a 2.6-fold
significantly increased risk of non-CLL leukaemia. We found
similar results when we narrowed the case group to AML
(n=22) (e.g. RR=2.5, 95% CI 0.3 to 21.5 among technol-
ogists who worked five or more years before 1950; RR=2.4,
95% CI 0.9 to 6.3 among technologists who held patients 50
or more times), and when we assessed non-CLL among the
smaller group of male technologists (RR=30.1, 95% CI 0.8 to
1103 for technologists who worked five or more years before
1950; RR=2.1, 95% CI 0.6 to 7.7 for technologists who held
patients 50 or more times).
There were no significant excesses of non-CLL in analyses

evaluating the year or age subjects first worked as radiologic
technologists, the total number of years worked, or working
for an increasing number of years during 1950–59 or in more
recent time periods. The twofold increased risk for non-CLL
among technologists who worked five or more years in 1960
or later was unexpected, but confidence limits were wide
(table 2). No significant excesses of non-CLL were observed
among radiologic technologists on whom others practiced
performing x ray examinations during training, or who did
not use lead aprons at initial employment. Among the few
radiologic technologists reporting a personal history of
radiotherapy for benign conditions, the risks of non-CLL
were 80%, albeit non-significantly, increased (table 2). Risks
for non-CLL were not linked with performing fluoroscopy,
multi-film procedures, routine or dental x ray examinations,
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computed tomography scans, radiotherapy procedures, or
with using specific equipment (including orthovoltage,
cobalt-60, betatron, or linear accelerator machines), or using
radium or other radioisotopes (numbers were small) during
any of the time periods (data not shown).
For the other haematopoietic malignancies, including CLL,

there were no significant associations with any aspects of
work history, procedures, practices, or protective measures
(table 2). Unlike the findings for non-CLL, risks for the other
haematopoietic malignancies were not significantly asso-
ciated with working five or more years before 1950 or holding
patients 50 or more times. As with non-CLL, there were no
relations for other haematopoietic malignancies with any use
or first working with fluoroscopic or multi-film procedures
before 1950, or working with other specific radiologic
procedures, particular equipment, or radioisotopes (data not
shown). However, modest, non-significant 40–90% increases
of MM were observed among radiologic technologists work-
ing five or more years before 1950, those first employed
before age 20, those on whom others practiced performing x
ray examinations during training, those who held patients 50
or more times, or those who did not use a lead apron when
first working as radiologic technologists.

DISCUSSION
In this follow up of US radiologic technologists, excesses of
non-CLL leukaemias (mostly AML) occurred among technol-
ogists who worked five or more years before 1950 or those
who reported holding patients 50 or more times during x ray
examinations. Non-CLL leukaemias were not associated with
other work history characteristics. There were modest, albeit
non-significant increases in risk of MM among radiologic
technologists who worked five or more years before 1950,
and engaged in work practices that might be associated with
increased protracted radiation exposures. There were no
excesses of non-Hodgkin’s lymphoma, Hodgkin’s lymphoma,
or chronic lymphocytic leukaemia associated with the work
history, specific practices, or lack of protective measures of
the radiologic technologists.
The excess risks of leukaemia among the early workers

likely reflected substantial radiation exposures from the high
allowable exposures during the first half of the 20th century.
Following the discovery of x rays in 1895, recognition of
radiation related dermatitis, severe tissue damage, and
carcinogenesis led the US Advisory Committee on X-ray
and Radium Protection to propose the first formal radiation
protection standard of 0.1 roentgen per day (approximately
0.3 Sv per year, which typically included 300 work days) in
1934.23 24 Despite the standard, technologists continued to be
exposed to levels as high as 100 roentgens (1 Sv) per year in
some workplaces.25 A 1940 survey reported average and
maximum daily exposure of 0.005 roentgen and considerably
more than 0.1 roentgen, respectively; the latter often related
to bedside radiography and holding patients.26 The
International Commission of Radiological Protection pro-
posed reducing the limits to 15 rem/year (or 0.15 Sv per year
bone marrow dose) in 1949, to 5 rem/year (0.05 Sv per year)
in 1957, and to the current limit of 0.02 Sv per year averaged
over five years, not to exceed 0.05 Sv in any single year, in
1990.23 27–30 Yet, weekly exposures in the 1950s were above the
maximum permissible dose for 20% of radiologic technolo-
gists as measured in one survey,27 ranging as high as 0.3
roentgen per day (for example, 0.9 Sv per year).28 Film-badge
monitoring was initiated in the late 1940s, and more widely
adopted in the 1960s or later.9–11 13

The excess risks of incident non-CLL among the US
radiologic technologists who worked five or more years
before 1950 are based on only seven cases, but are consistent
with the increased risks observed in early UK7 and US

radiologists,8 and in the Chinese medical radiation workers
who worked before 1970.10 Increased non-CLL risks have
been reported in populations with widely varying radiation
exposures, ranging from the moderate-to-high dose acute
single exposures in Japanese atomic bomb survivors,1 16 to the
very low-dose, low-dose rate radiation exposures in large
populations of nuclear workers.14 15 No significant excesses of
leukaemia occurred in UK radiologists after 1920,7 17 US
radiologists after 1939,8 9 US army12 or Japanese11 radiologic
technologists, or in Danish13 radiotherapy department staff.
In the present study, leukaemia risks were not increased
among US radiologic technologists who first worked before
age 20, but the estimate was based on only 13 non-CLL cases.
In contrast, leukaemia incidence risks were notably increased
among the Chinese medical radiation workers who first
worked before ages 20–25,10 and the Japanese atomic bomb
survivors exposed at young ages.1 Few radiation exposed
cohorts have been followed for decades after initial expo-
sure.1 9 17 30–32 Follow up of this cohort of radiologic technol-
ogists did not commence until the baseline survey in 1983–
89; hence, it is not possible to ascertain the pattern of the
dose-response curve for non-CLL incidence before the early
1980s. Nevertheless, the apparent persistence of increased
risks for non-CLL through the 1990s among the technologists
who worked five or more years before 1950 is consistent with
excess leukaemia mortality continuing for 20 years or more
after certification in the post-1920 cohort of UK radiologists17

and after radiotherapy among patients with ankylosing
spondylitis;31 both populations had protracted radiation
exposures. Similarly, non-CLL risk remained increased for
several decades after exposure among the Japanese atomic
bomb survivors, despite the difference in the type of radiation
exposure (that is, a single acute high dose rate exposure).1

Among male and female atomic bomb survivors exposed to
the bombings in childhood or adolescence, risks of non-CLL
subsequently rose, reaching highest absolute excess risk five
to ten years after exposure, and thereafter declining rapidly
with time in males, but more slowly with time in females.
Among male and female Japanese atomic bomb survivors
exposed at older ages, risks of non-CLL also increased within
a few years after the bombings, peaking but attaining lower
absolute excesses at five to ten years after exposure;
subsequently risks declined with time after exposure,
although the risk for women declined less rapidly than the
risk for men.1

The results for non-CLL incidence among the US radiologic
technologists are also consistent with the findings from an
earlier analysis of mortality in this population during 1926–
97.33 In both analyses, there were increased risks for non-CLL
associated with working five or more years before 1950 and
with holding patients 50 or more times. However, in the
earlier mortality study, but not the current incidence
investigation, there were increased risks for non-CLL among
subjects who first worked as technologists or first worked
with fluoroscopy or multi-film procedures prior to 1950. The
differences were likely due to small numbers as well as some
differences in the specific technologists in the two case
groups; for example, cases included in the incidence analysis
overlapped but differed in part from cases included in the
mortality analysis.
In the current analysis, small non-significant incidence

increases for multiple myeloma were associated with younger
age when first employed, working five or more years prior to
1950, and several work practices. These findings are
consistent with both the increased mortality risk seen for
MM among UK7 17 and US radiologists8 9 in the 1930s and
1940s, but not with the absence of excess MM in the US
Army,12 Danish,13 Chinese,10 and Japanese11 medical radiation
workers. The lack of increased MM among the Chinese and
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Japanese medical radiation workers is not surprising, given
the low incidence of B-cell malignancies occurring in
Asians.22 While there appeared to be an excess risk of MM
mortality among the Japanese atomic bomb survivors,16 an
analysis of incidence risks1 did not substantiate the earlier
findings. US radiologists experienced increased mortality
from lymphoma in the 1930–39 and the 1940–49 cohorts, but
not in earlier cohorts,8 similar to the increase in lymphoma in
the post-1920 cohort of UK radiologists.7 17 The lack of excess
risks of lymphoma among the earliest radiologists, who likely
had the highest levels of exposure among the US and British
radiologists,7–9 17 suggests that these malignancies are not
associated with radiation. There were no excesses of
lymphoma (not evaluated separately for NHL versus HL)
nor of CLL in the US Army,12 Danish,13 Chinese,10 or
Japanese11 medical radiation workers.
Strengths of the investigation of incidence risks among the

US radiologic technologists compared with other studies of
medical radiation workers include the notably larger size of
the former, the female predominance, and the detailed
individual work history information that was used as a
proxy measure for radiation exposure. Other advantages of
the study of US radiologic technologists were the high level of
diagnostic confirmation and the focus on incidence, which is
important for evaluating risks for indolent haematopoietic
malignancies such as CLL, or those with relatively good
survival rates such as HL and certain types of NHL. The main
limitation is the absence of dosimetry data for individual
technologists. In addition, the small number of non-CLL and
MM cases precluded stable assessment of the temporal
pattern of risk, particularly according to age at initial
occupational radiation exposure (although relatively few
technologists were first exposed to occupational radiation
before age 18), or of changes in risk by sex, or leukaemia
subtype; leukaemia risk patterns have been shown to vary
among subgroups of these factors.30–32 The surrogate radiation
exposure measures, namely work histories and practices, may
not have captured some key determinants of individual
differences in radiation exposure. The detailed assessment of
incidence risks for the major categories of haematopoietic
malignancies according to job history, procedures performed,
and protective practices provides more radiation exposure
related information than in previous reports focusing on
cancer risks in medical radiation workers.
It is important to continue monitoring the US radiologic

technologists, a cohort with a mean age of 53 currently, since
there are few other studies internationally of medical
radiation workers, and only a small subset of these studies
followed the workers for long periods of time. A second
important reason to continue monitoring is because of
rapidly increasing low-to-moderate dose, fractionated radia-
tion exposure to the general public associated with newer
diagnostic (for example, spiral computed tomography or
whole body scans, particularly because repeated examina-
tions are often performed)34 and interventional radiologic
procedures (for example, those involving real-time fluoro-
scopy).35 As the numbers and types of newer radiological
procedures characterised by substantial radiation doses have
increased, public concern has grown about possible carcino-
genic effects. Finally, most information about risks of
haematopoietic malignancies from occupational exposures
to ionising radiation comes from epidemiological studies of
primarily male medical radiation or nuclear workers. In a
population that included 78% female medical radiation
workers, there were no significantly increased risks for
NHL, HD, MM or CLL; however, radiologic technologists
who experienced protracted fractionated radiation that likely
cumulated to low-to-moderate doses developed excess non-
CLL that occurred decades after initial radiation exposures,

similar to earlier results for single acute dose and fractionated
high dose exposure.
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